The focus of this research was to investigate the efects of acute blunt trauma, on the ultrastructural and protein content of skeletal muscles. A simple device for producing a humane and reproducible experimental model of blunt trauma to rat muscle was used. Ultrastructural events in the traumatized muscle were observed over 14 days. From 0 to 2 days after trauma there was a marked loss of muscle protein content, associated with an acute inflammatory response. From day 3 to 14 days, the muscle underwent regeneration with a rapid proliferation of sarcolemmal nuclei, activation of satellite cells, and the restoration of sarcomeres. By three days post trauma, muscle protein content decreased (35-47%) compared to muscle of control rats (p>0.05).
INTRODUCTION
Muscle tissue has been reported to have an excellent capacity for repair following injury 1, 2) . The early events in this process are the five cardinal signs of inflammation compounded with the activation of the acute inflammatory mediators and the amplification and propagation of cell of the reticuloendothelial system 3) . The initial events occur within the microvascular at the level of the capillary and the post-capillary venule. Found within the vascular network are major components of the acute inflammatory reaction, including, basophils, platelets, red blood cell, plasma, and circulating monocytes. These components are normally contained within the intravascular compartment by a continuous layer of endothelium, which is joined by tight junctions and separated from the tissue by a limiting basement membrane 4) . Following trauma the structures of the vascular wall change, producing a loss of endothelial cell integrity, an escape of plasma and fluid from the intravascular compartment and the release of both white and red cell extravation into the extracellular space 5) .
Within the first twenty-four hours following injury, specific inflammatory mediators are produced at the injury site and these regulate the caliber and permeability of blood vessels in the region 6) . Of these mediators vasoactive molecules such as histamine and prostaglandin act directly on the vasculature producing increased vascular permeability. Chemotactic factors, such as mass cell products, (see Table 1 ) are released and recruit white blood cells from the vasculature into the injury site 7) . Once at the injury site, the white blood cells secrete a number of additional inflammatory mediators which augment the acute inflammatory response 8, 9) .
Early reports describe muscle injury and regeneration as being subdivided into two separate categories: "continuous" and "discontinuous" regeneration. Continuous muscle regeneration is brought about when the muscle fibers have been damaged by tear, crush or transected: the ultrastructure is characterized by a regeneration of basophilic sarcoplasms with nuclei similar in structure to those of the myotube nuclei 10) . This is the usual form of muscle fiber regeneration in which a segment of the injured fiber undergoes necrotic degeneration but the sarcolemma remains intact. Discontinuous regeneration occurs when the fiber is completely destroyed, then formed entirely de novo with no connection to pre-existing muscle fiber 2, 11) . Injury to muscle resulting in a crush or tear may be similar to that received during a work injury. The sarcolemma surrounding the fiber would most likely be spared because the mechanism involved may not produced excessive stretch or increases the range of motion 1 2) . The process of muscle regene ra tion in the presence of an intact sarcolemma is a complex series of events involving the infiltration of inflammatory cells in response to mediators, the proliferation of myogenic nuclei and satellite cells and the formation of myotubes 2, 11, 13) . This process is referred to as continuous regeneration.
ULTRASTRUCTUAL EVENTS FOLLOWING ACUTE INJURY
F o l l o w i n g t r a u m a t o m u s c l e , t h e t o u g h connective tissue of endomysium usually remains intact and the muscle degeneration begins within the sarcolemma, followed by disruption of the sarcomeres at the Z-line, swelling of the mitochondria, and pyknosis of the sarcolemma nuclei 1 4 ) . Edema and hemorrhage into the extracellular space increases the extracellular pressure 13) . Within a few hours after injury, polyneutrophils invade the damaged area followed by macrophages which penetrate the sarcolemma a n d b e g i n t o p h a g o c y t o s e t h e d a m a g e d sacroplasm 15) . Tidball et al. 12) . have suggested that myogensis cannot take place until macrophages have invaded the damaged area. However, Bischoff et al. 15) . have reported that it is the decrease in the mass of the cytoplasm of the muscle fiber which provides the stimulus for myogenesis.
In addition to the cellular components which arrive from the vascular system and set up the acute inflammatory response to initiate phagocytosis, the muscle also posses intrinsic mechanism for the removal of damaged sarcoplasms. This is carried out by lysosomal hydrolases which are capable of completely degrading the muscle fiber 8) . By this mechanism, the lysosome,(with its numerous identified acid hydrolases) is capable of digesting the injured proteins while sparing the remainder of the muscle. The lysosome system becomes activated following the injury. In addition muscle also exhibits considerable proteolytic activity (extra-lysosomal) at neutral pH. One of these is the calcium-dependent protease 16) . However the bulk of proteins comprising the myofibrils apparatus (e.g. actin) are not degraded by either the lysosome or the calcium-dependant pathway in the muscle 17) . Finally muscle cells also possess an energy dependant proteolytic pathway which is fueled by ATP 18) . All of these pathways contribute to the breakdown and removal of the injured muscle and the promotion of atrophy following injury. Following acute blunt trauma, the muscle progresses through a number of degenerative and regenerative changes which are characteristic of injured muscle. If the sarcolemma remains intact then ongoing regeneration occurs. Here, a budding or outgrowth takes place from the end of the partly damaged segment 19) . This budding is characterized by an outgrowth of basophilic sarcoplasm, which contains varying numbers of nuclei. The origin of these nuclei cannot be determined; however, possible explanations are: (1) that myonuclei possess the capability to migrate into the budding segment of the muscle, (2) that myoblast cells can fuse and (3) that both the above events take place 15) . At seven to ten days from the beginning of the regeneration phase, aggregates of myofibrils can be observed in the sarcoplasm, and later these organize into sarcomeres to give rise to muscle fibers of fetaltype 13) . Concurrently there is an increase in the number of activated fibroblasts in the endomysium giving rise to scarring or fibrosis 20, 21) . The final events of the process in traumatized muscle depend on the extent of damage to the sarcolemma membrane at the time of injury, and the integrity of the innervations and the blood supply to the damaged area 2) .
B e f o r e t h e t op i c o f r e g e n e r a t i o n a t t h e ultrastructural level can be approached, it is necessary to establish the nomenclature describing the mesodermal cell population. Myogenic cells have a unique embryological origin which differs from that of other mesodermal cells types 22) . A myoblast is defined as a postmitotic mononucleated cell produced during myogensis at the embryonic stage. A precursor cell of mesodermal origin which is undergoing cell division is referred to as a presumptive myoblast, which has been removed fro the cell cycle for an indefinite period of time 15) . Myoblasts are capable of synthesizing contractile proteins and engaging in cell fusion 22) . These properties are not shared by presumptive myoblasts 2 ) . Myoblasts fuse to form long cylindrical, multinucleated cells termed primary myotubes. The myotube displays central nucleation surrounded by aggregates of myofibrils. Alongside the primary myotubes are longitudinally arranged mytoblasts, which give rise to secondary myotubes 13) . The primary and secondary myotubes share the same basal lamina during the early stages of regeneration. As the secondary myotube matures it develops its own basal lamina and becomes a separate fiber. In mature muscle fibers, the sarcolemmal nuclei come to occupy a peripheral location beneath the sarcolemmal membrane 23) .
i. Sarcolemmal Nuclei: During regeneration various cellular organelles become activated and involved in repair. The muscle nuclei leave their subsarcolemmal position and migrate to the central region of the fiber. This region of the sarcoplasm becomes rich in rough endoplasmic reticulum, Golgi apparatus and free ribosome. The nuclear membrane loses its smooth contour and becomes wrinkled and infolded. As regeneration progresses the nuclei enlarge and become pale. This pallor is indicative of transcriptional activity and persists until the muscle fiber has fully regenerated 6) .
ii. Satellite Cells: The spindle-shaped cells differ from myoblasts in that they take a position peripheral to the growing myotubes and are covered by the basal lamina 2, 15) . Satellite cells migrate to a damaged region and may:
1. continue to divide and add to the further maintenance of the peripheral cell population, 2. fuse with the differentiating and maturing myofibers, 3. maintain their autonomy and serve as part of the stem cell pool which is activated following injury 15) . It is to this third type of activity that I will refer again when reviewing muscle regeneration.
The satellite cell is a flattened mononuclear cell with a dark nucleus found beneath the basal lamina. In the neonate, these cells are numerous and subsequently decline with age 24) . Slow twitch fibers differ substantially in their content of satellite cells when compared to fast twitch fibers. Fisher and colleagues 6) , reported that both the proportion and absolute number of satellite cells to myonuclei are greater in the slow soleus muscle than in the fast extensor digitorum muscle of the rat. In the young growing rat, the satellite cells synthesize DNA and divide. After division, some still remain as satellite cells and others fuse with the muscle fiber to increase its population of nuclei 25) . As the muscle fiber matures, the satellite cells decrease their myogenic activity and maintain an independent position against the plasma membrane and apart from the muscle fiber. During the necrotic phase following muscle injury, the satellite cells become activated and contribute myoblasts which repair the necrotic segment 6) . Snow 26) , using direct in vivo techniques, demonstrated that satellite cells are p r e c u r s o r s f o r t h e m y o b l a s t . T h i s w a s accomplished by exposing the muscle to Hthymidine so that only the nuclei of satellite cells would become labeled. The investigators observed the regeneration of injured muscle during the formation of new myotubes. The results revealed that regenerating fibers arising from injured muscle fibers contained myonuclei that were not labeled. However, the injured muscle fibers that contained labeled satellite cells produced regenerated nuclei with the radioactive label. Other in vitro studies have confirmed that satellite cells are capable of proliferation and can fuse with myotubes 15) .
Satellite cells can be present at the site of injury or can migrate from an uninjured section of the muscle fiber. The signal that activates satellite cells I unknown; activation may occur as a result of the removal of an inhibitory factor provided by the f i b e r , o r b y c h a n g e s i n t h e e x t r a c e l l u l a r concentration of calcium 2, 13) .
iii. Connective Tissue Framework of Muscle: Investigations reported during the early 1980's provided evidence that the extracellular matrix (connective tissue) acts in may ways to control the development and cellular metabolism of the muscle fiber. Prior to this time, it was believed that the extracellular matrix was not metabolically active and merely provided mechanical support to the muscle fiber 2, 27, 28) .
The extracellular matrix of skeletal muscle is organized into three separate but interconnected sheaths. The epimysium is the outermost sheath that surrounds the entire muscle. Extending inward are smaller bundles of coarse collagen fibers which subdivide the muscle into compartments; these are termed the perimysium. Nerve and vascular branches are found in the perimysium.
Finally, each fiber within the perimysium is invested with a sheath of endomysium. The endomysial sheath is comprised of three separate fibers; collagen, reticulum, and elastin 13) . When intermingled they form a fibrous matrix sheath. The space between the fibers is filled with an amorphous ground substance comprised of a mixture of acidic proteoglycans, glycoproteins (chondronectin, fibronectin, and lamina) and a few less well characterized minor components 2) . A similar sheath also encapsulates the motor nerve branches and capillaries 27) . Also contained within the matrix are the basement membrane and the plasma membrane of the muscle fiber. The basement membrane is comprised of two structures: the reticular lamina (contains fibronectin, collagen V) and the basal lamina (lamina, fibronectin, collagen IV). Lying beneath these structures is the plasma membrane which has an important transport role in muscle physiology 28) . Following degeneration and during the early phase of regeneration of a muscle fiber, it is the basement membrane which appears to serve as a conduit or guide for the newly forming fiber 13) . If the basement membrane is ruptured as a result of the injury, cellular regeneration is not impaired; however myotubes are not aligned and the functional capacity may be jeopardized 15) . The plasma membrane of the muscle is similar in structure to other plasma membranes of the body. It is a fluid mosaic membrane composed of a lipid bilayer and proteins 1 3 ) . When the plasma membrane is damaged following trauma, massive influxes of extracellular calcium enter the muscle fiber. This occurs at the site of the calcium channel or of gross rupture of the membrane, and results in damage to mitrochondria and the activation of proteolytic enzymes 25) . iv. Fibroblasts: Fibroblasts are specialized stromal cells that play an important role in the repair of the perimysial and endomysial connective tissues. Fibroblasts repair connective tissue that has been torn by mechanical trauma 28) . A number of reports have established that fibroblasts do not function autonomously, but instead respond to distinct fibronectin and serum (C4)-derived chemotatic factor 25) . Activated fibroblast in the d a m a g e d a r e a , p r o l i f e r a t e a n d s e c r e a t e tropocollagen, which is necessary for the formation of the extracellar matrix, which in turn is involved in the morphogenesis of the developing fiber 2) . Once inflammation has subsided the regeneration is complete, the fibroblasts continues to synthesize and maintain the extracellar matrix. Indeed, the collagen remains in a continuous state of slow remodeling and is degraded by enzymes released by the fibroblast.
In summary, for effective muscle regeneration to occur, the two surviving stumps of the injured muscle fiber that face the intervening necrotic segment must be encased by the intact sarcolemmal membrane. Myoblast which arise from satellite cells fuse with one another to form myotubes which elongates or grows in a lateral direction to reform the injured segment 14) . The preceding events occur first at the periphery and then proceed towards the center of the newly forming segment. Within the myotube, plump centrally located nuclei are surrounded by aggregates of myofilaments in a clear cytoplasm. Sarcomeres organize and continue to expand in the sarcoplasm until the myotube is completely filled to form a functional fiber again 2, 13, 29) .
Characterization of trauma response
At 1, 3, 6, and 15, days after trauma, animals were sacrificed to obtain tissue samples. The medial gastrocnemius muscle was dissected intact from both the injured and uninjured limbs and subsampled for electron microscopy. At each time point 6 rats were sacrificed. Five tissue blocks were taken from each muscle (Fig. 1) from the impact site. For electron microscopy, the muscles were f i x e d i n 2 % p a r a f o r m a l d e h y d e a n d 4 % glutaraldehyde fixative in 0.1 M cacodylate buffer at pH 7.2 6) . The tissues were diced into small pieces while in fixative. After 48 h fixation at 4°C, the tissues were rinsed and post fixed in 1% buffered osmium tetroxide, dehydrated through a graded series of alcohols, and embedded in Epon and Araldite. The blocks were coded to ensure anonymity of the sample. Semi-thin sections were cut with a glass knife, stained with toluidine blue, and examined with the light microscope for the purpose of orienting tissue blocks and identifying the site of muscle trauma. Thin sections were cut with a diamond knife on the Reichert OmU2 ultramicrotome, stained with uranyl acetate and lead citrate, and examined with a Siemens EM 1A electron microscope.
To determine the protein content of injured muscles, separate experiments were carried out. The medial gastrocnemius muscle was dissected intact from injured and uninjured rats at 1, 3, 6, 9 and 15 days after injury in an initial experiment, and 21 and 28 d following injury in a second experiment. Muscles were solubilized in 1.0 N NaOH at 50°C and protein determined by the method of Bradford 6) .
OBSERVATIONS OF ULTRA STRUCTURAL EVENTS OVER A 14 DAY PERIOD WITHIN OUR LABORATORY

Six hours post-trauma
The injured muscles show a variable pattern of tearing and disruption of the normal cells and small blood vessels. Some muscle cells were completely ruptured. Other muscle cells showed varying degrees if intracellar disarray, but appeared to have an intact basement membrane (Fig. 1) . The following abnormalities were seen in all sections. Due to the local disruption of the capillaries and small blood vessels, cellular constituents of the b l o o d i n c l u d i n g e r y t h r o c y t e s a n d polymorphonuclear leukocytes escaped into the intercellar connective tissue.
This was only observed at the six hour time point. The endomysium showed moderate edema. In one sample, a preterminal branch of the intramuscular nerve, displaying axanal damage, with the formation of small vacuoles and myelin figures is shown (Fig. 1) .
One day post-trauma
At one day post-trauma there was a little evidence of residual interstitial hemorrhage. However, large numbers of mononuclear cells, which previously had not been present, were observed both in the endomysial connective tissue and focally within the injured muscle cells with torn sarcolema tubes (Fig. 2) .
Mononuclear cells were seen beneath the basement membrane of the muscle cells in focal aggregates (Fig. 2) . Activated fibroblasts were also observed in the interstitum; these possessed abundant cisternae of rough endoplasmic reticulum (Fig. 2) . Structural abnormalities were widespread. Injured muscles cells showed disorganization of sarcomeres and some contained large numbers of 
Three days post-trauma
By three days after trauma, mononuclear cells were infrequently observed in the endomysial connective tissue. Activated fibroblasts were still numerous at this time (Fig. 3) . For the first time, commencing focal interstitial fibrosis was observed in association with these fibroblasts.
In contrast to the previous time points, at day 3, the traumatized muscles cells showed regenerative changes, and an increasing proportion of the muscle cells appeared normal. In muscle cells still recovering from traumatic damage, there were prominent multiple subsarcolemmal nuclei with distinct nuclei (Fig. 3) usually surrounded by numerous mitochondria. Satellite cells were located beneath the basal lamina. A few damaged muscle fibers showed focal streaming of Z-bands ( Fig. 3) .
Six days post-trauma
At six days, muscles at the site of trauma appeared to have regenerated to significant extent, so that fewer than 20% of the sections examined showed identifiable abnormalities. In these areas, numerous fibroblasts were seen lying within the endomysial connective tissue and focal interstitial fibrosis was observed (Fig. 4) . The fibroblast contained abundant rough endoplasmic reticulum, indicating that they were actively synthesizing protein. Satellite cells continued to be a prominent feature at this point. Regenerating muscle fibers displayed multiple subsarcolemmal or central nuclei with prominent nucleoli (Fig. 4) . Numerous irregularly arranged sarcomeres composed of thick and thin myofilamanets and Z-bands were identified ( Fig. 4) .
Day 14 post-trauma
A t t h i s f i n a l p o i n t , no u l t r a s t r u c t u r a l abnormalities were identified in the muscle cells. Residual focal areas of fibrosis may have been present, but were not represented in material sampled.
Observation of protein mass following acute blunt trauma
The protein mass of the injured muscles were significantly reduced when compared to injured controls from healthy rats for the first three days following trauma (Table 1) . When skeletal muscle is traumatized the muscle undergoes a degenerative process followed by a regenerative process. The degenerative response is characterized by acute inflammatory mediators and a catabolic response. The degenerative process last for approximately 3 days following trauma. The regenerative phase begins around day 3 and continues until day 15 (Table 1 ). This phase is characterized by the presence of satellite cells, myoblast and the presence of myofibrils forming sarcomeres, and irregular arranges sarcomeres (Fig. 4 ).
DISCUSSION
The present results of this study demonstrate a simple, reproducible, and humane experimental model of blunt trauma to skeletal muscle. As a result of the injury various cellular components of the muscle tissue were altered after injury. These include resident cell types and infiltrating cells. The cellular components released from mechanically disrupted muscle cells and small blood vessels provided strong chemotatic stimuli for the influx of inflammatory cells into the zone of damage 3) . Thus at 1-2 days after trauma, inflammation appeared to be fully established in the injured muscles. This period was characterized by large numbers of mononuclear cells both in the endomysial connective tissue and within the damaged muscle fibers.
Intracellular and extracellular accumulations of mononuclear cells are typical of a variety of muscle injuries and myopathies 2) . These mononuclear cells may include tissue macrophages that were previously present, and the monocytes, which have been attracted to the site of injury and have crossed the vascular wall to become tissue macrophages 7, 13) . As well the mononuclear cells include some lymphocytes and cytotoxic T-lymphocytes 29) .
The inflammatory response provides phagocytic cells for the removal of damaged muscle. In addition, muscle cells possess pathways of intracellular protein catabolism, which may be cytosolic or lysosomal in nature 30) . Membranebound vacuoles, often contain amorphous material (lysosomals), were a prominent feature of the damaged muscle cells by 48 hours post-injury. Membranous whorls (mylin bodies) may be related to secondary lysosomes 13) , and were prevalent findings in damaged muscles in our studies.
A number of similarities may be noted between the data obtained in our study and those reported for other types of muscle injury, which would appear to be fairly stereotyped 1, 24, 25 ). We observed a sequential progression after injury: 1) myofibrillar disintegration and protein catabolism, 2) p h a g o c y t o s i s f o l l o w e d , 3 ) r e g e n e r a t i o n , c h a r a c t e r i z e d b y s a t e l l i t e c e l l s , m u l t i p l e sarcolemmal nuclei and protein repletion. The foregoing appears to correspond to phases of intrinsic degeneration, cell mediated breakdown, and regeneration described by 1, 2, 25) .
The measurement of total protein provides a gross description of the catabolic and subsequent anabolic events after injury. At the same time, there are many classes of proteins as well individual proteins that would merit study. These might include structural and contractile proteins of the myofibrils, cell membrane, and connective tissue. Many specific enzymatic actives would be of interest to measure in injured muscle. In particular, hydrolytic enzymes (lysosomes) are responsible for the degradation of muscle protein 8) . Muscles cell are know to contain several distinctive proteolytic systems. One of these resides in the lysosome, wherein a large number of acid proteases (cathepsins) as well as other acid hydrolases can act on both membrane and soluble cytosolic proteins. Muscle cells also posses an energy dependent proteolytic pathway which is fueled by ATP 17) . When ATP in the muscle is depleted, the breakdown of muscle proteins, including actin, fall 50-70 % 2) .
The type of muscle injury described above have a variety of implications for the return to functional capacity of traumatized muscle. It is not clear to what extent muscle contusions produce local ischemia, which can by its self cause muscle damage and is also known to impair healing 1, 2) . Similarly, limited focal crushing of motor nerves may result in functional denervation. Injured muscle may show a substantial loss of forcegenerating capacity 25, 31) . Although this parameter was not measured in the present study, the transverse tearing of muscle fibers with myofibril retraction and major discontinuities in the sarcomeres would reduce the force with which muscle could contract. Some large vacuoles also distorted the local myofibrillar arrays; these appeared to be derived from sarcotublar reticulum, perhaps due to post-traumatic disturbances in fluxes of calcium and potassium ions and water 13) .
